Introduction
The breeding of many plant species requires the development of fully homozygous (i.e. inbred) lines. The classical approach starts with several generations of selfpollination until an acceptable level of homozygosity has been reached, depending on the plant species under investigation. This is a slow process due to the many (usually 8 to 10) generations required to reach nearly complete homozygosity. In some species, it is possible to induce haploid (1n) sporophyte individuals from a highly heterozygous parent plant. The haploid can then be induced to double its chromosome number, resulting in a completely homozygous sporophyte plant with the normal chromosome number (2n). This plant, termed a doubledhaploid, is genetically inbred, but can be derived much more rapidly.
Unfortunately, many plant species do not have an established system for developing doubled-haploid lines. Production of haploid plants through centromere engineering is one promising method to overcome this barrier, and is one of the most promising modern plant breeding approaches in recent years. Although this approach has been received with great excitement in the plant breeding community (Chan, 2010; Copenhaver and Preuss, 2010; Ravi and Chan, 2013; Comai, 2014) , currently there is no example of haploids developed through centromere engineering in any crop plant. However, the centromeric histone H3 gene is now functionally characterized in many agronomically important plant species, which may provide new possibilities for using this approach in some of these species.
Classical methods for haploid plant production
Classical methods for haploid plant production generally range from sporadic in vivo occurrence to experimentally in vitro induction of haploid plants (Dunwell, 2010) . Here we do not intend to cover the literature in detail, but instead refer the reader to some excellent recent reviews (Forster et al., 2007; Dunwell, 2010) .
A common method for the production of haploid lines relies on the regeneration of microspores through anther culture (Taşkın et al., 2013a (Taşkın et al., , 2013b Baktemur et al., 2014; Olszewska et al., 2014) . A second common way is through interspecific hybridization, in which a domesticated crop is crossed to an inducer line to generate haploid offspring (Kasha and Kao, 1970; Barclay, 1975; Savaskan et al., 1997; Chaudhary et al., 2005) . Such inducer lines have been identified for a limited number of species (Forster et al., 2007) . Neither of these common haploid induction methods is universally applicable to all major agricultural crops. Therefore, there is a need to develop an easy and effective way of haploid production for many plant species.
The centromere as a new target for plant improvement
Every eukaryotic chromosome must have a centromere for proper cell division during mitosis and meiosis. The centromere serves as the spindle fiber attachment region known as the kinetochore (Figure 1 ). The packaging of DNA within eukaryotic nuclei includes a canonical histone H3 protein, which contributes to the formation of the canonical nucleosome. While the canonical nucleosome is typical in most eukaryotic chromatin, the nucleosomes in eukaryotic centromeres are known to also include a centromere-specific histone H3 variant, called CENH3 ( Figure 2 ). CENH3 defines the functional centromeres upon which the kinetochore is established (Perpelescu and Fukagawa, 2011) . Any alteration of the centromere structural components could have devastating effects on the fidelity of cell division and overall organismal viability. Incorporation of a centromere-specific histone H3 variant into the nucleosomes is a key determinant for specifying centromere identity. CENH3 is a universal protein present in all eukaryotes, including agronomically important crops.
There are some key features to the CENH3 protein that are highly conserved across taxa. There are 2 critical domains: the N-terminal tail and the C-terminal histone fold domains (Figure 2) . A longer and divergent amino terminal domain distinguishes CENH3 proteins from canonical H3 proteins (Henikoff et al., 2001) . Meanwhile, the C-terminal histone fold domain is highly conserved among plant CENH3 proteins (Tek et al., 2014) .
Modification of Arabidopsis centromere structure for haploid line production
Using Arabidopsis thaliana as a model system, Ravi and Chan (2010) developed a novel approach for haploid production that specifically modified the function of the CENH3 protein (Figure 3 ). First, they obtained knockout CENH3 mutant lines, which were lethal in the homozygous mutant state. Second, they rescued the lethal effect of the CENH3 mutation by transforming a modified CENH3 transgene, in which the N-terminus was fused to a green fluorescent protein (GFP) domain (Figure 2 ).
In fact, 2 types of CENH3 transgenes were successful for inducing haploids by genome elimination (Ravi and Chan, 2010) . These 2 constructs are shown as GFP-CENH3 and GFP-tailswap in Figure 2 . The GFP-CENH3 construct simply fused GFP to the CENH3 N-terminus, while the GFP-tailswap construct included GFP and also replaced the amino-terminal tail domain of CENH3 with a canonical H3 domain. It is not known if other modifications of CENH3 with or without GFP tagging could also lead to uniparental genome elimination. Whether these modifications and recombinant proteins are sufficient for induction of haploid lines in other crops remains to be tested. 
Applicability of centromere engineering to agronomically important crops
The exact mechanism underlying the uniparental chromosome elimination is not known. However, zygotespecific CENH3 dynamics have been suggested to play an important role following the zygote formation (Chan, 2011) . For example, centromeric loss of CENH3 protein has been suggested to lead to the Hordeum bulbosum genome elimination in early developmental stages of interspecific barley hybrids, driven by a mitosis-dependent process (Sanei et al., 2011) .
In theory, it is possible to utilize centromere engineering to generate haploid lines in agronomically important crops. As an initial step, the CenH3 gene in the species of interest must be identified and functionally characterized with an exclusive localization at centromeres (Figure 4) . Here both the endogenous CENH3 and the GFP-tagged CENH3 transgene are incorporated at the centromeres. So far, the CENH3 proteins have been identified in over a dozen of plant species with agronomical importance (Table 1) . In these studies, a specific polyclonal antibody raised against the CENH3 corresponding to the species was used to functionally characterize the centromeres. Subsequently, the antibody was used to clone and determine the DNA sequences underlying the centromeres. Therefore, the availability of DNA and protein sequences of CenH3 genes provides a valuable initial resource in a diverse group of agronomically important crop species.
Currently there are several groups attempting to generate haploid inducer lines in several plants (Table  2 ), using the principles described by the Ravi and Chan (2010) . One should consider that Arabidopsis has only 5 chromosome pairs, which are relatively small. Conversely, most crop species have many more chromosome pairs, including many species with large chromosomes and variable levels of polyploidy. It may be more difficult to modify the behavior of larger numbers of chromosomes, as compared to the work demonstrated in Arabidopsis. Furthermore, Ravi and Chan (2010) reported a high rate of anueploidy, in addition to haploid formation, in Arabidopsis. One might imagine that the relative rate of aneuploid individuals may be increased in crop species with higher numbers of chromosomes. Therefore, while the concept of genome elimination by centromere engineering may translate to crop species, it is possible that there are additional details and complications that need to be addressed to organize the behavior of chromosomes in larger, more complex crop genomes.
It is unlikely that the list in Table 2 covers all of the ongoing projects in this area of research. Furthermore, it is likely that there will be more groups utilizing this technology in other plant species in the future. Nevertheless, this list provides evidence for the importance of this research and its potential impact on crop improvement. Hopefully, we will soon see promising results in some of the agronomically important plant species.
Conclusions and perspective
Centromere-mediated genome elimination is a fairly recent advancement in the production of haploid plant lines. Although it was initially discovered in Arabidopsis, the approach has received a tremendous amount of attention in a short period of time, due to its dramatic potential for applications in plant breeding. Here we briefly summarized the original work performed in Arabidopsis (Ravi and Chan, 2010) and cataloged a subset of studies that are pursuing this methodology in crop species. Because of this work, centromeres are no longer viewed simply as an epigenetic mark of fundamental importance, but also a potential site for important agricultural applications. The centromere DNA repeat-sequences and the protein-encoding sequences of CenH3 genes have already been identified in a taxonomically diverse group of plant species. These initial studies provide valuable resources for researchers pursuing the development of haploid inducer lines that will greatly aid in the breeding programs of agronomically important crops. 
